Imines, Im, such as MeN C(Ph)H (5), 2-methyl 4,5-dihydrothiazole (8a), 2-methyl 4,5-dihydrooxazole (8b) and MeN C(OMe)Me (13) 
Introduction
Vinylidene complexes react with imines by cycloaddition of the C N bond of the imine to the C C bond of the vinylidene complex to give four-membered transition metal substituted N-heterocycles (Scheme 1) [1] [2] [3] [4] [5] [6] [7] [8] .
Subsequent oxidative cleavage of the M C bond affords b-lactams. Very likely, the cycloaddition reaction proceeds in a stepwise fashion. Addition of the imine via the lone electron pair at nitrogen to the a-carbon atom of the vinylidene ligand to form a zwitterion is followed by ring-closure of the intermediate to give the cyclic ligand. Such a mechanistic scheme is corroborated by the observation of a zwitterionic cation {Cp[P(OMe) 3 ](CO)Fe-C( CMe 2 )NMe CHPh} + (1) in the reaction of {Cp[P(OMe) 3 ](CO)Fe C CMe 2 } + with MeN C(H)Ph in 1,2-dichloroethane [1, 2] . Complex 1 was characterized by IR and 1 H-NMR spectroscopy. On standing in solution, 1 underwent cyclization to produce the corresponding 2-azetidin-1-ylidene complex. [(CO) 5 
M C C(H)R] with N-aryl imines nor in that
with N-alkyl imines. To get more information on the initial step of the reactions of pentacarbonyl vinylidene complexes with imines we studied the reactions of [(CO) 5 Cr C CMe 2 ] with various cyclic and acyclic imines.
Results and discussion
The starting vinylidene complex [(CO) 5 Cr C CMe 2 ] (4) [9] was generated by the reaction sequence shown in Scheme 3. Reduction of [Cr(CO) 6 ] with potassiumgraphite (C 9 K 2 ) laminate in THF at 0°C gave K 2 [Cr(CO) 5 ] [10] . Subsequent reaction with isobutyryl chloride afforded potassium pentacarbonyl(isobutyryl)chromate which was then transformed into 4 by reaction with trifluoroacetic acid anhydride in CH 2 Cl 2 at −78°C [11] . Complex 4 is unstable and rapidly decomposes in solution at room temperature. Therefore, 4 was not isolated but only characterized by its w(CO) spectrum. The solutions of 4 were then immediately employed for the reactions with imines.
When one equivalent of N-methyl benzylideneamine (5) was added to a solution of 4 in pentane -CH 2 Cl 2 (ca. 1:1) at −45°C the initially green solution immediately turned red. Addition of a tenfold excess of pentane led to precipitation of the complex 6 in the form of red crystals (Scheme 4). The zwitterionic iron complex {Cp[P(OMe) 3 ](CO)Fe -C( CMe 2 )NMe CHPh} + -[CF 3 SO 3 ] − could be isolated by chromatography [1] . In contrast, attempted chromatography of 6 only led to decomposition of the complex. Therefore, 6 had to be purified by recrystallization from diethyl ether.
Complex 6 is only poorly soluble in unpolar solvents but readily soluble in polar solvents such as CH 2 Cl 2 . In the solid state, 6 is stable at room temperature.
The mass spectrum of 6 established its composition as a 1:1 complex of 4 and 5. The proposal of a zwitterionic constitution of 6 as shown in Scheme 4 rather than of an 2-azetidin-1-ylidene complex structure (7 in Scheme 4) is based on several spectroscopic observations: 1. The w(CO) absorptions are at rather low wave numbers indicative of a considerable electron transfer from the ligand to the (CO) 5 Cr fragment. The w(CO) absorptions of a 2-azetidin-1-ylidene complex like 7 are expected at higher wave numbers (vide infra). 2. The UV -vis spectrum of 6 exhibits a pronounced negative solvatochromic effect when nonpolar pentane is replaced by polar DMF in accord with a dipolar constitution. The UV -vis absorption at lowest energy in pentane is at 568 nm, however, at 452 nm in DMF [Dw(pentane -DMF)= 4520 cm We recently observed that in the reaction of [(CO) 5 M C C(H)R] (M =Cr, W; R =aryl) generated by tautomerization of the alkyne complexes [(CO) 5 M(HC CR)] with N-aryl benzylideneamines two types of complexes are formed: 2-azetidin-1-ylidene complexes (2) and alkenyl(amino)carbene complexes (3) (Scheme 2).
Mechanistic experiments established that the alkenyl-(amino)carbene complexes 3 are not derived from the 2-azetidin-1-ylidene complexes 2 [8] . In contrast to Naryl imines, alkenyl(amino)carbene complexes were not found among the products of the reaction of N-alkyl imines with [(CO) 5 M C C(H)R] [7] . Zwitterionic intermediates were not detected, neither in the reactions of 3. The 1 H-NMR spectrum shows in addition to three singlets for the inequivalent methyl groups and the multiplet for the phenyl hydrogens a singlet at low field (l 7.82) for the benzylidene hydrogen atom. From the observation of only one set of methyl resonances it follows that predominantly one isomer with respect to the N C bond is formed (ratio of isomers \9:1). 4. The resonance of the chromium-bound carbon atom of the cyclic ligand in 2-azetidin-1-ylidene(pentacarbonyl)chromium complexes is usually observed in between l =285 and 300 ppm [7, 8] . A peak in this range in the 13 C-NMR spectrum of 6 is absent. The signals at lowest field are those of the CO ligands at l =223.29 (trans) and 219.34 (cis). The zwitterionic constitution of 6 was additionally confirmed by the results of an X-ray structural analysis (Fig. 1, Table 1 ). Suitable crystals for an X-ray analysis were obtained by recrystallization of 6 from dichloromethane. The most prominent feature of the structure of 6 is the almost perpendicular arrangement of the vinylidene plane formed by the atoms Cr(1), C(6), C(7), C(8), and C(9) and the imine plane [N(1), C(6), C(10), C(11), C(12)]. The torsion angle C(7) -C(6) -N(1) -C(10) is 87.6(3)°. Thus, the formation of an extended p-system involving the planar coordinated atoms C(6), C(7), and N(1) [sum of angles 360.0°at C(6), 359.8°at C(7) and 360°at N(1)] is prevented. As a consequence, the N(1) -C(11) bond [1.286(3) A , ] is short and corresponds to a typical N C(sp 2 ) double bond [12] . Both N-C single bonds, N(1) -C(6)(sp 2 ) and N(1) -C(10)(sp 3 ), are equal in length indicating that the N(1) -C(6) bond is rather weak. The Cr(1) -C(6) distance [2.191(2) A , ] is longer than that usually observed for chromium alkoxycarbene or aminocarbene complexes [13] indicating that the C( CMe 2 )-NMe C(Ph)H ligand exhibits only poor p-acceptor properties. In accord with such a conclusion, a pronounced trans influence is observed: the Cr -CO(trans) bond In 1.1.2-trichloroethane complex 6 slowly formed the 2-azetidin-1-ylidene complex 7 (Scheme 4). At room temperature the reaction was complete after about 1 week. The cyclization rate increased with increasing polarity of the solvent and with increasing temperature. Thus, in methanol or ethanol the reaction was already complete within about 1 day and in butyl vinyl ether at 60°C after ca. 5 h. Chromatographic workup afforded complex 7 in ca. 45% yield.
The cyclization is accompanied by a shift of the w(CO) absorptions toward higher frequencies. Indicative for the formation of the carbene (2-azetidin-1-ylidene) complex 7 is the resonance of the carbene carbon atom at l= 295.42 ppm. In general, the 1 H-and 13 C-NMR resonances of 7 are comparable to those of the 2-azetidin-1-ylidene chromium complexes reported earlier [7, 8] .
Analogously to 5, the addition of 2-methyl 4,5-dihydrothiazole (8a) to a solution of 4 led to an immediate color change from green to yellow. However, contrary to the reaction of 4 with 5, the workup of the reaction mixture afforded two complexes, the adduct 9a and the substitution product 10a (Scheme 5). The adduct 9a constituted the major product.
The w(CO) absorptions of 9a are shifted to smaller wave numbers relative to those of 6 by ca. 2-5 cm N(1) -C(10) in 9a is 93.6(5)°as compared with 87.6(3)°i n 6. Within error limits the distances and angles within the (CO) 5 Cr -C( CMe 2 )N fragment are equal in 6 and 9a ( Table 1 ). The 4,5-dihydrothiazole ring adopts an slight envelope conformation, the torsion angle S(1) -C(13) -C(10) -N(1) is 7.7(7)°.
Complex 10a was characterized by IR and 1 H-NMR spectroscopy only. The spectroscopic data are comparable to those of the corresponding tungsten complex (11) formed in the reaction of 8a with [(CO) 5 W C C(Ph)H] (Scheme 6) which in solution is in equilibrium with its alkyne tautomer [(CO) 5 W(Ph -C C -H)] [14] .
Complex 11 was characterized fully including by an X-ray structural analysis (Fig. 3) . As expected, the w(CO) absorptions of 10a and 11 are similar, however, are at significantly higher wave numbers than those of the adduct 9a (Dw =15-28 cm − 1 ). From these shifts it follows that the C( CMe 2 )(4,5-dihydrothiazole) ligand transfers considerably more electron density to the (CO) 5 M fragment than 4,5-dihydrothiazole which is in accord with the zwitterionic structure of 9a.
In contrast to the 4,5-dihydrothiazole ring in 9a that in 11 is nearly planar. All torsion angles of the ring are smaller than 2°. The torsion angle S(1) -C(7) -C(6) -N(1) is − 1.6(13)°as compared with 7.7(7)°for the corresponding angle in 9a. As expected from steric considerations the plane of the ring bisects the adjacent
Due to the large standard deviations in 11 a detailed discussion and comparison of the distances and angles in the 4,5-dihydrothiazole ring in 9a and 11 is not feasible. Table 1 Selected bond lengths (A , ) and bond angles (°) for 6 and 9a
9a 6
Bond lengths
112.5(4) 125.4 (2) 122.6(5)
115.6(3) of signals for the NCH 2 protons (Dl =0.59 ppm). The SCH 2 protons appear as a triplet only. Analogously to 6, the imine plane and the vinylidene plane are almost perpendicular (Fig. 2) . The torsion angle C(7) -C(6) - Scheme 7. that of other alkylideneaminocarbene complexes. The 1 H-NMR spectrum exhibits a doublet and a heptet (intensity ratio 6:1) in addition to aromatic resonances for eight protons. In accord with an alkylideneaminocarbene complex constitution a low-field resonance at l= 225.45 ppm for the carbene carbon atom is observed in the 13 C-NMR spectrum [15] . Our results demonstrate that imines rapidly add to pentacarbonyl(vinylidene)metal complexes. However, the addition is reversible as has already been shown earlier [4] . Therefore, whether addition is succeeded by formation of a 2-azetidin-1-ylidene complex or not depends on the relative rates of cyclization and dissoziation of the imine (followed by decomposition of the resulting vinylidene complex). Cyclization and dissoziation may be regarded as competing reaction pathways. The dissociation is facilitated by a weak C(a)-N bond. Strongly electrophilic vinylidene complexes and strongly nucleophilic imines give rise to the formation of adducts stable with respect to dissociation. Then, cyclization clearly dominates as is observed with complex 6. The same is true for those imines employed in the reactions with pentacarbonyl(vinylidene) complexes reported earlier [7, 8] .
Cyclization requires among others rotation around the C(a)-C(b) bond of the former vinylidene ligand, the C(a) -N and the N C bond. Therefore, steric factors in determining the rate of ring formation cannot be discarded. However, the failure of 9a and 9b to form 2-azetidin-1-ylidene complexes is very likely not due to steric reasons since cationic {Cp[P(OMe) 3 ](CO)-Fe C CMe 2 } + has been reported to react with 2-methyl 4,5-dihydrothiazole by cycloaddition to give the corresponding 2-azetidin-1-ylidene complex [2] . In contrast, the bonding of 8a to the vinylidene ligand in neutral pentacarbonyl(vinylidene) complexes such as 4 is expected to be weaker than in {Cp[P(OMe) 3 ](CO)-Fe C CMe 2 } + . Presumably, at room temperature or at elevated temperatures dissociation of the imine from the zwitterions 9a,b, 14, and 15 is faster than cyclization. The resulting vinylidene complex is labile and quickly decomposes by elimination of the vinylidene ligand and addition of the imine to form pentacarbonyl(imine)metal complexes.
The reactions of N-unsubstituted imines with pentacarbonyl(vinylidene) complexes take a different course although the initial step in the reaction of 4 with xanthylideneimine presumably also involves addition of imine to the a-carbon atom of the vinylidene ligand. The adduct then rapidly rearranges to form 17 either by migration of hydrogen from nitrogen to the b-carbon atom of the former vinylidene ligand or, more likely, by a deprotonation/reprotonation sequence. Scheme 8. Similarly to 8a, the reaction of 2-methyl 4,5-dihydrooxazole (8b) with 4 afforded a mixture of predominantly the adduct (9b) and small amounts of the substitution product (10b) (Scheme 5). The IR and NMR spectra of 9b and 10b are similar to those of 9a and 10a, respectively, indicating similar structures.
In contrast to 6 and {Cp[P(OMe) 3 ](CO)Fe -C( CMe 2 )NMe CHPh} + (1) [1, 2] , when solution of the adducts 9a and 9b were kept at room temperature for days or were heated under reflux, no cyclization to give 2-azetidin-1-ylidene complexes but rather substitution and formation of the 4,5-dihydrothiazole and 4,5-dihydrooxazole complexes 10a and 10b were observed.
Adducts (14, 15) were also formed rapidly when N-methyl 1-methoxyethylideneamine (13) was added to solutions of 4 or of [(CO) 5 W C CPh 2 ] (12) [4] (Scheme 7).
The NMR spectra of 14 and 15 exhibit one set of resonances for the methyl groups of the former imine indicating that only one isomer (with respect to the N C bond) is formed. Again, the cyclization of the ligand in 14 and 15 to give 2-azetidin-1-ylidene complexes could not be induced.
In contrast, the products of the reactions of N-H imines with vinylidene complexes deviate from those of N-alkyl or N-aryl imines although the first reaction step is presumably analogous. When xanthylideneimine (16) was added to a solution of vinylidene complex 4 neither an adduct nor an 2-azetidin-1-ylidene complex was obtained. Instead, the isopropyl(xanthylideneamino)carbene complex 17 was isolated as the major product from the reaction mixture (Scheme 8).
The structure of 17 was deduced from the IR and NMR spectra. The w(CO) spectrum of 17 is similar to 3. Experimental
General
All operations were performed under an inert atmosphere (nitrogen or argon) by using standard Schlenk techniques. Solvents were dried by refluxing over CaH 2 (CH 2 Cl 2 , pentane) or sodium -benzophenone ketyl (Et 2 O) and were freshly distilled under argon prior to use. The silica gel used for chromatography (Baker, silica gel for flash chromatography) was nitrogen saturated. The yields refer to analytically pure compounds and were not optimized. Instrumentation:
1 H-and 13 C-NMR spectra were recorded with a Bruker AC 250 or a Bruker WM 250 spectrometer.
1 H-NMR resonances are reported relative to Me 4 Si, 13 C-NMR resonances relative to the residual solvent peaks of acetone-d 6 . Unless mentioned specifically IR and NMR spectra are taken at room temperature (r.t.). IR: Biorad FTS 60 spectrophotometer; MS: Finnigan MAT 312 (EI, 70 eV). Elemental analyses: Heraeus CHN-O-RAPID. The complex 12 [4] and the imine 13 [16] were prepared according to literature procedures. All other imines were commercially available and were used without further purification.
Generation of pentacarbonyl[dimethyl6inylidene]chromium (4)
A suspension of 2.54 g (13.6 mmol) of C 9 K 2 in 50 ml of THF is charged at −78°C with 1.5 g (6.8 mmol) of chromium hexacarbonyl and stirred for 15 min. The suspension is warmed to 0°C. Within ca. 10 min the color changes from bronze to green and the evolution of a gas is detectable. After a total of ca. 90 min the formation of pentacarbonylchromate is complete. The green suspension is cooled to −78°C and 0.72 ml (6.8 mmol) of isobutyryl chloride is added. The color immediately changes to olive-green [IR (THF): w(CO) (cm − l ): 2031 s, 1892 vs]. After 5 min the temperature of the suspension is allowed to rise to 0°C. The solvent is removed in vacuo at 0°C and the black -green residue is treated with 75 ml of CH 2 Cl 2 . The suspension is cooled to − 78°C and, after addition of 0.54 ml (3.4 mmol) of trifluoroacetic acid, stirred for 1 h. 75 ml of pentane precooled to − 78°C is added. The reaction mixture is fritted over a 6-cm layer of Al 2 O 3 at −45°C. The stationary phase is eluted with cold pentane -CH 2 Cl 2 (1:2) until the dark-green band is eluted completely. At − 45°C, the solvent of the combined eluates [4: IR (CH 2 Cl 2 ): w(CO) (cm (6) At − 45°C, 0.65 ml (5 mmol) of N-methyl benzylideneamine (5) is added to a solution of [(CO) 5 Cr C CMe 2 ] (4) freshly prepared as described above from 2.1 g (9.5 mmol) of [Cr(CO) 6 ], 3.54 g (19 mmol) of C 9 K 2 and 1 ml of isobutyryl chloride (9.5 mmol) and concentrated to a volume of ca. 20 ml. The solution immediately turns red. After stirring the solution for 15 min, it is allowed to warm to room temperature. Stirring is continued for 1 h, the volume of the solution reduced in vacuo to 10 and 100 ml of pentane is added. A red precipitate forms. The suspension is kept at − 20°C for 24 h and then fritted at room temperature (r.t.) through a 2-cm layer of neutral alumina. The red solid on top of the Al 2 O 3 layer is washed with 100 ml of pentane and subsequently dissolved in 150 ml of CH 2 Cl 2 . The solvent is removed in vacuo and the residue dissolved in 20 ml of diethyl ether. The solution is kept at −20°C for 24 h and then filtered at − 18°C over a 6-cm layer of sand -glass wool -sand. The layer is eluted with 20 ml of precooled diethyl ether. The solvent is removed in vacuo to yield 6 as a red solid. 
Pentacarbonyl{2-methyl-1-[N-methyl-Nbenzylideneaminium]-1-propenyl}chromate

Pentacarbonyl[(N-methyl-3-phenyl-4,4-dimethylazetidin-2-ylidene]chromium (7)
A solution of 240 mg (6.6 mmol) of 6 in 12 ml of butyl vinyl ether is heated at 50°C for 3 h. The solvent is removed in vacuo and the brown residue is chromatographed at − 20°C on flash silica with pentane -CH 2 Cl 2 mixtures (ratio decreasing from 1:0 to 9:1). The first yellow band is collected. Removal of the solvent in vacuo affords complex 7 as a yellow solid. Yield: 110 mg (45% relative to 6). M.p. 33°C. IR (pentane) w(CO) (cm (11) At −30°C 0.36 ml (0.23 mmol) of 2-methyl 4,5-dihydrothiazole (8a) is added to the highly concentrated solution of the alkyne complex [(CO) 5 
Pentacarbonyl[1-(4,5-dihydro-2-methylthiazolium)-
Pentacarbonyl[4,5-dihydro-2-methylthiazole-N]tungsten
The solution is stirred and gradually warmed to r.t. The reaction is followed by IR spectroscopy. When the w(CO) absorptions due to the alkyne complexes had disappeared the solvent is removed in vacuo and the reaction products are chromatographed at − 30°C on silica gel. First, [Cr(CO) 6 ] and imine are eluted with pentane. Next, with pentane -CH 2 Cl 2 (10/3) a yellow band containing the 2,4-dihydrothiazole complex is eluted. Removal of the solvent in vacuo and recrystallization from pentane -CH 2 Cl 2 give yellow 11. Alternatively, complex 11 is also obtained from the reaction of [(CO) 5 (15) A green solution of 0.25 g (0.5 mmol) of complex 12 in 4 ml of CH 2 Cl 2 is charged at −20°C with 0.043 g (0.5 mmol) of N-methyl 1-methoxyethylideneamine (13) in 2 ml of CH 2 Cl 2 . The solution is stirred and allowed to warm to r.t. The progress of the reaction is followed by IR spectroscopy. After ca. 4 -5 h the reaction is complete. Then, 150 ml of precooled pentane is added and a yellow precipitate formed. The suspension is fritted over Na 2 SO 4 and the solid washed 3× with 50 ml of pentane each. The adduct on top of the Na 2 ). The measurements were performed at − 44°C (6), − 34°C (9a), −35°C (11) with a crystal mounted in a glass capillary on a Siemens P4 diffractometer (graphite monochromator, Mo -K a radiation, u= 0.71073 A , ).
Pentacarbonyl{1-[N-methyl-N-(1-methoxy)-ethylideneaminium]-2,2-diphenylethenyl}tungsten
The structures were solved by Patterson methods (6, 9a) or by direct methods (11) using the SHELXTL PLUS (VMS) program package. The positions of the hydrogen atoms were calculated by assuming ideal geometry (d C-H = 0.96 A , ), and their coordinates were refined together with those of the attached C atoms as 'riding model'. The positions of all other atoms were refined anisotropically by the full-matrix least-squares method.
Supplementary material
Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data Centre, CCDC no. 144590 for compound 6, CCDC no. 144591 for compound 9a and CCDC no. 144589 for compound 11. Copies of this information may be obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: + 44-1223-336033; e-mail: deposit@ ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
